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To develop a rapid antibody test for Sin Nombre hantavirus (SNV) infection for diagnosis of hantavirus
pulmonary syndrome (HPS) in field settings where advanced instrumentation is not available, a strip immu-
noblot assay bearing four immobilized antigens of SNV and a recombinant nucleocapsid protein antigen of
Seoul hantavirus (SEOV) was prepared. The SNV antigens included a full-length recombinant-expressed
nucleocapsid (N) protein (rN), a recombinant-expressed G1 protein (residues 35 to 117), and synthetic
peptides derived from N (residues 17 to 59) and G1 (residues 58 to 88). On the basis of the observed reactivities
of hantavirus-infected patient and control sera, we determined that a positive assay requires reactivity with
SNV or SEOV rN antigen and at least one other antigen. Isolated reactivity to either viral rN antigen is
indeterminate, and any pattern of reactivity that does not include reactivity to an rN antigen is considered
indeterminate but is unlikely to represent hantavirus infection. Fifty-eight of 59 samples from patients with
acute SNV-associated HPS were positive according to these criteria, and one was initially indeterminate. Four
of four samples from patients with HPS due to other hantaviruses were positive, as were most samples from
patients with SEOV and Puumala virus infections. Of 192 control serum samples, 2 (1%) were positive and 2
were indeterminate. Acute SNV infection was distinguishable from remote SNV infection or infection with
hantaviruses other than SNV by the presence of G1 peptide antigen reactivities in the former. The strip
immunoblot assay shows promise for the detection of SNV antibodies early in the course of HPS.

Hantaviruses (Bunyaviridae: Hantavirus) are enveloped, mi-
nus-sense RNA viruses with a tripartite genome. The large,
middle, and small genomes encode an RNA-dependent RNA
polymerase, envelope glycoproteins G1 and G2, and a core
(nucleocapsid [N]) protein, respectively. Nearly 20 distinct
hantaviruses are found in association with specific rodent or
insectivore hosts worldwide. Their modes of transmission to
humans, their natural reservoirs, and the clinical features of
human infection have recently been reviewed (32).
Hantavirus pulmonary syndrome (HPS) was first recognized

in association with a series of unexplained deaths among rural
residents of the Four Corners region of the United States,
where the states of New Mexico, Arizona, Utah, and Colorado
meet. The disorder was remarkable for its rapid progression
from mild febrile prodrome to noncardiogenic pulmonary
edema, shock, and death (8). A heretofore unknown viral spe-
cies, Sin Nombre virus (SNV; also known as Four Corners
virus and Muerto Canyon virus) was shown to be the etiologic
agent through both serologic and PCR investigations (36).

Deer mice, especially Peromyscus maniculatus, were identified
as the predominant carrier of SNV (6, 35). The virus was
ultimately isolated from deer mice from New Mexico and Cal-
ifornia (10, 41).
Although three other North American hantaviruses have

been associated with HPS, New York virus (NYV), Black
Creek Canal virus (BCCV), and Bayou virus (BAYV), it is
believed that infection with SNV and closely related viruses
may account for as many as 96% of the 165 cases recorded of
HPS in North America as of October 1996 (4, 21, 24, 25, 34, 40,
43). Cases of HPS have been reported in 25 U.S. states and
three Canadian provinces (5, 44, 46). Worldwide, a larger toll
of illness is caused by the Eurasian hantaviruses that cause
hemorrhagic fever with renal syndrome (HFRS). HFRS-asso-
ciated viruses include Hantaan virus (HTNV), Puumala virus
(PUUV), Seoul virus (SEOV), and Dobrava-Belgrade virus
(DOBV) (1, 2, 26, 27). Of these, only SEOV, which is carried
by rats that live commensally with humans (Rattus spp.), occurs
in the Western Hemisphere and has caused human disease in
the United States (12, 13).
A variety of formats for serologic diagnosis of hantavirus

infection have been used, including high-density particle ag-
glutination, immunofluorescence and immunoprecipitation as-
says with laboratory-cultivated viruses, hemagglutination inhi-
bition assay, plaque- and focus-reduction neutralization assays,
Western blotting (immunoblotting), and enzyme-linked immu-
nosorbent assay (ELISA) (7, 9, 17, 23, 26, 30, 31, 42, 45).
Recently, there has been an increased use of recombinant-
expressed viral proteins as antigenic targets. In recombinant
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antigen diagnostic assays, the viral N antigen is dominant over
the viral glycoproteins. Antibodies to the N antigen arise early
in the course of infection and are universally detectable in
convalescence (9, 14, 23, 30, 31, 49, 50). Antibodies to glyco-
protein antigens are traditionally detected in neutralization
assays, in hemagglutination inhibition assays, and possibly in
immunofluorescence assays. Human infection with SNV is uni-
versally associated with antibodies to the viral G1 antigen, as
detected by Western blotting. SNV G1 antibodies are not re-
active with the G1 antigens of other hantaviruses (17, 23).
Among the pathogenic hantaviruses, HTNV, SEOV, and

DOBV are antigenically similar. The HPS-associated viruses
are also closely related to one another and cross-react best with
PUUV. Antigenic cross-reactivity is most pronounced among
the viral N proteins.
Advances in tertiary care management that may reduce the

mortality of HPS have occurred (32). Since HPS progresses
very rapidly, these advances are likely to affect the prognosis
only for those patients for whom the diagnosis can be made in
a timely manner. A method for the rapid detection of SNV
antibodies appropriate for a rural setting and that could be
applied during the early stages of illness could improve the
prospects for early intervention. We considered that the ideal
test would be simple and would be one that does not require
specialized equipment such as ELISA readers or expertise
such as that required for immunofluorescence assays.

MATERIALS AND METHODS

Patients and controls. Serum samples from patients with HPS were selected
on the basis of their availability in sufficient quantity to our laboratory. All HPS
patient samples came from patients who met the U.S. Public Health Service’s
case definition for HPS (4) and are recognized as HPS patients by the U.S.
Centers for Disease Control and Prevention (CDC) or the Canadian Laboratory
Centre for Disease Control. Most HPS samples were submitted to the University
of New Mexico Hantavirus Diagnostic Unit for routine diagnosis. Others were
solicited from outside laboratories after the diagnosis was made elsewhere,
usually by ELISAs. HPS patient samples are listed in Table 1 according to
sample type (acute-phase infection or convalescent-remote infection), the etio-
logic viral serotype, and results of PCR investigations. For our purposes, an
acute-phase specimen is one collected within 11 days of the onset of lung disease.
Hantaviruses other than those associated with HPS were also examined. Se-

rum samples were obtained from 17 Japanese patients with SEOV-induced

HFRS, 6 Korean patients with HTNV-associated HFRS, and 10 Swedish and 6
Finnish patients with PUUV-associated HFRS (nephropathia epidemica). Swed-
ish HFRS serum samples were collected between 7 and 24 days from the first day
of hospitalization. Although the precise timing between illness and serum col-
lection is not known for the Finnish and Japanese HFRS patient samples, these
were all collected between 7 and 21 days after hospitalization (Table 1).
Swedish patients with PUUV-associated HFRS were diagnosed on the basis of

PUUV recombinant N (rN) ELISA and PUUV immunofluorescence assay (9).
HTNV- and SEOV-associated HFRS and Finnish PUUV-associated HFRS pa-
tients were diagnosed by immunofluorescence assays and ELISAs, and the eti-
ologic agents were distinguished on the basis of the clinical setting and serolog-
ically by their reactivities in focus reduction neutralization tests and Western
blots (28, 29, 45a).
Control samples consisted of 192 sequential samples that were originally

collected in 1991 and that were submitted to an Indian Health Service hospital
laboratory for various chemical or immunological studies. These samples com-
prised a subset of 446 sequential samples (group 2 in the report of Hjelle et al.
[15]).
RIBA SIA. The hantavirus strip immunoblot assay (SIA; Chiron Corporation)

incorporates four recombinant-expressed and synthetic peptide antigens of SNV,
as well as a recombinant-expressed N antigen of SEOV. The membrane con-
sisted of nitrocellulose with an inert plastic backing as a support. Antigens were
applied to the membrane in lanes, adjacent to two lanes containing two levels of
human immunoglobulin G (IgG) (level I, low control, and level II, high control)
as internal controls (Fig. 1).
The strips were incubated at room temperature for 4 to 4.5 h in a 1:50 dilution

of human serum in a specimen diluent buffer (phosphate-buffered saline [PBS;
pH 7.4] with detergents and bovine serum albumin [BSA]) essentially as de-
scribed previously (23). After one washing in specimen diluent, followed by three
washings in a PBS detergent wash solution (pH 7.4) (23), the strips were exposed
to a secondary horseradish peroxidase-conjugated goat anti-human heavy and
light chain antibody for 9 to 11 min at room temperature, followed by three more
washings and exposure to a horseradish peroxidase substrate (4 chloro-1-naph-
thol), as recommended by the manufacturer. After 15 min, the substrate was
decanted and the strips were rinsed twice in deionized water.
A serum sample was considered reactive against a given antigen only if reac-

tivity was greater than or equal to that of the level I IgG control band, which is
defined to represent a 11 reactivity. A reactivity equivalent to that of the level
II IgG control band was considered to represent a reactivity of 31. Reactivity
intensity intermediate between those of the level I and level II IgG control bands
is considered to be 21, and reactivity stronger than that of the level II band is
considered to be 41. The control bands provide a consistent semiquantitative
standard against which the reactivities to hantavirus antigens can be measured
and allow for a firm definition for positive band reactivity.
The preparation of the antigens was as described below.
(i) IgG controls. The level I control consisted of 16 ng of human IgG and level

II consisted of 80 ng of human IgG for each SIA strip.
(ii) SNV rN. The immunodominant and cross-reactive SNV N antigen (geno-

type 3H226) is incorporated as a full-length recombinant protein in fusion with

TABLE 1. Characteristics of serum samples from patients with hantavirus infection examined in the present study

Category Type of samplea Location of occurrence Time after onset of lung
disease of sample draw

PCR-verified viral
diagnosisb

SNV-associated HPS and pre-
sumed SNV-associated HPS

Acute phase (59)c Canada (7), United States (52)d 21 (3), 0 (19), 1 (10), 2 (11), 3 (5),
5 (2), ,6 (1), 7 (4), 8 (1), and
,11 (3) days

SNV (36), negative (1),
untested (22)

Presumed SNV-associated HPSe Convalescent phase or
remote infection (16)

Canada (2), United States (14) 14 (1), 16 (1), and 22 (1) days; 1–12
mo (7); and 2 (2), 5 (1), 10 (1), 19
(1), and 36 (1) yr

Untested (16)

NYV-associated HPS Acute phase New York (1) 1 days (1) NYV (1)
BAYV-associated HPS Acute phase Texas (2) 4 (1) and 5 (1) days BAYV (2)
BCCV-associated HPS Acute phase Florida (1) 7 days (1) Untested (1)
HTNV-associated HFRS Acute phase Korea (7) 7–14 days (7) Untested (7)
SEOV-associated HFRS Acute phase Japan (17) 7–14 days (17) Untested (17)
PUUV-associated HFRS Acute phase Sweden (10) 7–24 days (10) Untested (10)
PUUV-associated HFRS Acute phase Finland (6) 7–21 days (6) Untested (6)

a An acute-phase serum sample is defined as one drawn within 11 days of the onset of lung symptoms or abnormalities on chest X ray.
b PCR amplification of viral genome with sequence confirmation of virus species was conducted with peripheral blood mononuclear cells, serum, a blood clot

specimen, or lung tissue-derived RNA template.
c Numbers in parentheses represent the number of serum specimens.
d Of the acute-phase specimens from Canada, four were from Alberta and three were from British Columbia. Of the acute-phase specimens from the United States,

15 were from Arizona, 6 were from California, 1 was from Colorado, 3 were from Idaho, 2 were from Kansas, 1 was from Montana, 14 were from New Mexico, 2 were
from Nevada, 1 was from Oregon, 3 were from Texas, 1 was from Utah, and 2 were from Washington.
e No acute-phase serum specimens were available from these patients. Both convalescent-phase specimens from Canada were from Alberta. Of the convalescent-

phase specimens from the United States, four were from Arizona, one was from California, three were from New Mexico, two were from South Dakota, one was from
Texas, one was from Utah, one was from Washington, and one was from Wyoming.
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the 50-kDa Escherichia coli maltose binding protein (MBP) in the vector pMal
C2 (Novagen, Madison, Wis.). The 100-kDa MBP-SNV N antigen was affinity
purified by column chromatography on amylose resin and elution with maltose,
according to the manufacturer’s instructions (48). As with all of the recombinant
antigens, purity was judged visually after overloading on a sodium dodecyl sul-
fate-polyacrylamide gel and staining the gel with Coomassie brilliant blue (Fig.
1A). Ninety nanograms of rN protein was used in each strip.
(iii) SNV rG1. Since expression of extensive portions of the 652-amino-acid

(aa) G1 was hampered by instability and variable expression, a smaller (82-aa)
portion of SNV G1 (residues 35 to 117 relative to the position of the initiating
methionine of genotype 3H226) was used in fusion with the 153-aa yeast super-
oxide dismutase (SOD). The small G1 fragment was synthesized by PCR from
pFCV-M-1275 (48) by using primers that introduced an NcoI site on the 59 end
and a SalI site and two stop codons on the 39 end. The 268-nucleotide (nt)
NcoI-SalI-digested fragment was used to replace the 347-nt insert of pSOD-
HIV2PR113 (38), creating the construct pSOD-G1. A 603-nt StuI-SalI fragment
of pSOD-G1 was ligated into the vector pSI1-PR179 (37) to provide the ADH2-
GAPDH promoter. The 2,093-nt BamHI-SalI cassette of the resulting construct
was then introduced into the yeast expression vector pBS24.1 to create the final
expression construct pSOD-SNV-G1. This was expressed as a 23-kDa SOD-G1
fusion in the protease-deficient strain Saccharomyces cerevisiae AB122 (MAT a
leu2 ura3-52 prb1-1122 pep4-3 prc1-407 [cir0]) (39). The 82-aa portion of G1
expressed in this construct spans the immunodominant epitope (residues 58 to 88
[23]) and contains some additional flanking sequence from G1.
The yeast cells were disrupted in PBS–1 mM EDTA (pH 7.2) with a Dyno-Mill

and glass beads (Glen Mills Inc.), and the highly insoluble recombinant G1 (rG1)
was recovered by extensive washing with the same buffer containing 4 M urea.
The protein was dissolved in PBS–EDTA at pH 11.5. After neutralization the
protein was concentrated and further purified by ammonium sulfate precipita-
tion, solubilized, and subjected to gel filtration chromatography on a Sephacryl
S-200 resin (Phamacia, Piscataway, N.J.). One hundred eighty nanograms of
recombinant protein was added to each strip.
(iv) SEOV rN. A 1,272-nt segment of the SEOV (strain 80-39) N gene encod-

ing residues 1 through 424 of the 429-aa protein was inserted in pMal C2 and was
expressed in fusion with MBP. The 100-kDa fusion protein was purified by
chromatography over an amylose column. Ninety nanograms of recombinant
protein was loaded per strip.
(v) SNV G1 peptide. A 31-aa peptide encoded by the 3H226 allele of SNV G1

was synthesized by 9-fluorenymethoxycarbonyl chemistry and was conjugated to
BSA. For conjugation, 3 mg of peptide was suspended in 0.95 ml of PBS (pH
7.4)–2 mM EDTA–6 M guanidinium chloride and was reduced by the addition
of 50 ml of 1 M dithiothreitol for 1 h at room temperature. After purification on

a G10 Sephadex column, the peptide was conjugated with BSA-maleimide at a
ratio of 10:1 (mole/mole). Unreacted maleimidyl groups were blocked with 10
mM 2-mercaptoethylamine at room temperature for 1 h. The solution was
diluted with 9 volumes of PBS containing 2 mM EDTA and 2 M guanidinium
chloride and was then concentrated with a 10-ml Amicon cell and YM30 filter to
a volume of 1 ml. The concentration step was repeated after redilution with
another 9 volumes of the same solution. The protein concentration was deter-
mined, and it was loaded at 90 ng/strip.
The G1 peptide sequence was chosen on the basis of epitope mapping studies

that showed that residues 58 to 88 of SNV constitute an immunoreactive linear
domain that is recognized by SNV antibodies, rarely by SEOV antibodies, and
not by antibodies to PUUV or HTNV (21a, 23, 48).
(vi) SNV N peptide. A 43-aa peptide of the 3H226 N protein was synthesized

on the basis of previous studies that showed that residues 17 to 59 of SNV
contain the large majority of immunoreactivity directed against the SNV N
antigen, as assessed by Western blot analysis (23). The same protocol used for
the G1 peptide was used for conjugation. Ninety nanograms of conjugate was
used per strip.
Loading of antigens onto the strip. Proteins and peptide conjugates were

diluted in PBS (pH 7.4) and naphthol blue black was added to an optical density
at 616 nm of 0.02 to 0.05, and the strip was manually coated. The antigen-PBS
solution was placed in the upper well of a custom-built slot blot manifold that is
similar to the Minifold II Slot-Blot manifold of Schleicher & Schuell (Keene,
N.H.). The solution was drawn through the nitrocellulose membrane with a
vacuum of 0.4 atmospheres. After the solution had passed through the mem-
brane, the membrane was removed from the manifold and dried for 24 h at 458C.
The membrane was briefly immersed in 1% casein in PBS and was redried under
the same conditions and then applied to a plastic adhesive backing, followed by
an additional drying cycle.
Preadsorption with E. coli lysate. Serum samples (1:50 in specimen dilution

buffer) from patients from the control populations that demonstrated reactivity
to any hantavirus antigen in the SIA were subjected to preadsorption for 1 h at
room temperature with a 1:40 dilution of E. coli lysate, which was prepared as
described by Jenison et al. (23). Lysates were prepared from cultures of JM109
cells that were transformed with pMal C2 and after induction of MBP, as
described previously (48). The preadsorbed serum samples were then used to
probe hantavirus SIA membranes by the standard protocol.
Western blot assays. Western blot assays were performed with selected sam-

ples as described previously (23, 48), except that a T7 gene 10–viral fusion
protein instead of an MBP fusion protein was used for SNV N. The G1 protein
was pFCV-M-1275 (48). The N protein expression construct was prepared by
amplifying cDNA from lung RNA (human genotype 3H226) with the primers
59-AAGCTTGGAATGAGCACCCTCAAAGA (sense; position 34 of the small
segment) and 59-GCTCGAGATAAAGTTTAAGTGGTTCTTGGTT (anti-
sense; position 1326). A reverse transcription (RT) step (1 h) was followed by
amplification for 35 cycles at 948C for 1 min, 488C for 1 min, and then 728C for
3 min under previously described conditions (16). The N cDNA was cloned at the
HindIII and XhoI sites (boldface residues in the primer sequences) into the
expression construct pET23b (Novagen). Expression of rN was induced in BL21
(DE3) cells with isopropyl-b-D-thiogalactopyranoside, and rN was affinity puri-
fied over a metal-chelating column, as recommended by Novagen. Full-length
SNV rN protein was run in one lane, alongside partial rG1 proteins spanning
residues 32 to 452 and control bacterial lysate lanes (23, 48). Both IgG and IgM
secondary antibodies were used in separate experiments.
RT-PCR. RT-PCR amplification with sequence confirmation was conducted

whenever anticoagulated blood specimens, blood clot specimens, or necropsy
tissue specimens (lung, heart, or kidney) were collected from a patient during the
acute phase of illness. For living patients, anticoagulated blood or blood clot
specimens were the preferred source of RNA, which was prepared as described
previously (18). In most cases, SNV-specific primers in the G1 gene were used to
confirm SNV infection, followed by sequencing of the amplified DNA (17), but
for some 1993 case patient samples, G2 primers were used (18, 36). For ampli-
fication of hantavirus genomes other than SNV (NYV and BAYV), various
generic hantavirus small-segment primers were used when SNV-specific primers
failed to produce a PCR product, as previously described (19, 21).

RESULTS

Early and specific detection of SNV-reactive antibodies in
the serum of patients with acute HPS. Fifty-nine serum sam-
ples from patients with acute SNV-HPS (defined as those col-
lected less than 11 days from the time of development of the
patient’s first pulmonary symptoms) were available in sufficient
quantity (total volume, $20 ml) for testing (Table 1). For each
patient, the earliest available serum sample was used. Forty-
eight (81%) of the 59 samples were collected within the first 3
days of the development of the first pulmonary symptoms,
which for nearly all patients was the same as the first day of
hospitalization. For several patients the precise date of blood

FIG. 1. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
purified recombinant antigens used in the SIA. A 14% gel was loaded with
molecular weight markers (Bio-Rad; lane 1),;0.5 mg of SEOV rN (lane 2),;0.3
mg of SNV rN (lane 3), and ;0.5 mg of SNV rG1 (lane 4) and was stained with
Coomassie blue. (B) Identities and locations of the antigens coated on the strip.
Two levels of human IgG are included in each strip as internal controls. The
reactivity of each antigen bands was determined by comparing the intensity of
each band to the level I (11) and level II (31) internal controls in each strip as
described in the text. Reactivities approximating those obtained with the positive
control serum sample supplied with the kit are shown. G1p and Np, G1 and N
peptide antigens, respectively; rN and rG1, recombinant N and G1 antigens,
respectively; the viruses from which each antigen is derived (SNV 3H226 or
SEOV 80/39) are indicated.
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sampling relative to the onset of pulmonary disease could not
be ascertained, so a conservative estimate of the maximal in-
terval was made on the basis of the length of hospital stay and
the time of onset of the first symptoms.
The reactivities to each of the various membrane-bound

antigens is indicated in Table 2. The most common pattern,
seen in 87% of the samples, showed reactivity of 21 to 41
against the SNV rN and N peptide antigens, coupled with
reactivity of 11 to 41 against the SNV rG1 and/or G1 peptide
antigens (data not shown). The stronger reactivities to the N
peptide and the G1 antigens were more common in samples
collected 1 or more days after the development of pulmonary
symptoms. Cross-reactivity to SEOV rN was generally absent
or weak.
Another selection of samples came from patients with con-

valescent-phase or remote SNV-associated HPS. These sam-
ples were considered to be related to SNV infections on the
basis of (i) appropriate clinical history, including an acute
febrile illness featuring myalgia, thrombocytopenia, neutro-

philia with left shift, and pulmonary disease with diffuse inter-
stitial involvement on chest X ray; (ii) occurrence of infection
in a patient within the habitation range of the deer mouse P.
maniculatus; and (iii) positive detection of serum IgG antibod-
ies to SNV nucleocapsid by Western blot assays in studies
conducted retrospectively (17, 23, 47). RT-PCR studies and/or
IgM studies either were negative or were not conducted for
these patient samples. Sixteen such samples from patients from
whom an acute-phase serum sample was not available were
available to us. The interval between the onset of pulmonary
disease and collection of the serum ranged from 14 days to 36
years.
A series of 192 control serum samples was obtained from a

collection that had been part of a previous retrovirus sero-
prevalence study (15). These samples were collected in 1991
from an Indian Health Service hospital laboratory in western
NewMexico, near the site of the 1993 HPS outbreak. The large
majority (97%) of these samples came from patients.20 years
of age, and specimens from both inpatients and outpatients
were included in the collection. The reactivities of these spec-
imens are listed in Table 3. Reactivity to one or more bands
was observed in eight (4.2%) of these specimens.
Virtually all of the acute- or convalescent-stage sera from

patients with SNV-associated HPS were reactive against one or
both synthetic peptide antigens as well as with the SNV rN
antigen (Table 2). In contrast, this pattern was rare for sera
from the control population (Table 3). Only two serum sam-
ples from that group displayed reactivity to both the SNV rN
and SNV N peptide antigens, and neither had reactivity to the
viral G1 antigen in either the peptide or the recombinant form.
To determine whether some of the reactivities observed in the
sera from the control population were due to trace amounts of
contaminating bacterial antigens in the rN or SEOV rN bands,
all of the eight control serum samples that reacted to any viral
band in the SIA were subjected to preadsorption with an E. coli
lysate containing induced MBP. As expected, only the reactiv-
ities of the two samples that reacted exclusively to the MBP-
based rN antigen were affected by the pretreatment (data not
shown). The reactivity of one sample that had reacted with 21
intensity before adsorption was reduced to 11. Another sam-
ple that had reacted at 11 intensity lost all reactivity with
preadsorption. Since sera with reactivities to isolated bands
other than rN or SEOV rN are considered unlikely to be
responsive to hantavirus infection, we did not attempt to iden-
tify the determinants responsible for such reactivities.
Additional Western blot studies were conducted with all of

serum samples from the control populations that demon-
strated reactivity with any antigen band by the SIA. None of
the six control samples with single-antigen reactivity on the
SIA demonstrated IgG antibodies reactive with SNV N or G1

TABLE 2. Reactivities in hantavirus SIA with serum samples from
patients with acute-phase or remote- or convalescent-

phase SNV-associated HPS

Serum sample
source and
frequencya

Interval

SIA reactivity

G1
peptide

N
peptide

N
recom-
binant

G1
recom-
binant

SEOV N
antigen

Acute-phase SNV-
associated HPS
1 21 db $11 0 $11 0 0
2 21 d $11 $11 $11 $11 0
1 0 d 0 0 $11 0 0
1 0 d $11 0 $11 0 0
2 0 d $11 0 $11 $11 0
10 0 d $11 $11 $11 $11 0
3 0 d $11 $11 $11 0 0
1 0 d $11 0 $11 $11 0
1 0 d $11 0 $11 $11 $11
1 1 d $11 $11 $11 0 0
9 1 d $11 $11 $11 $11 0
8 2 d $11 $11 $11 $11 0
3 2 d $11 $11 $11 $11 $11
4 3 d $11 $11 $11 $11 0
1 3 d $11 $11 $11 $11 $11
2 5 d $11 $11 $11 $11 0
1 ,6 d $11 $11 $11 $11 $11
4 7 d $11 $11 $11 $11 0
1 8 d $11 $11 $11 $11 $11
3 ,11 d $11 $11 $11 $11 0

Remote SNV-asso
HPS
1 14 d $11 $11 $11 $11 0
1 16 d $11 $11 $11 $11 0
1 22 d $11 $11 $11 $11 0
2 1 mo $11 $11 $11 $11 0
1 2 mo 0 $11 $11 0 0
2 3 mo $11 $11 $11 $11 0
1 8 mo $11 $11 $11 $11 $11
1 11 mo 0 $11 $11 0 $11
2 2 yr 0 $11 $11 0 0
1 5 yr 0 $11 $11 0 0
1 10 yr 0 $11 $11 0 0
1 19 yr 0 $11 $11 0 0
1 36 yr 0 $11 $11 0 0

a Number of occurrences of a particular reactivity pattern.
b d, days.

TABLE 3. Hantavirus SIA reactivities for 192 unselected serum
samples from patients at an Indian Health Service

facility in western New Mexico

No. of
samplesa

SIA reactivity

SNV G1
peptide

SNV N
peptide SNV rN SNV rG1 SEOV rN

184 0 0 0 0 0
1 $11 0 0 0 0
2 0 0 $11 0 0
3 0 0 0 $11 0
2 0 $11 $11 0 0

a Number of samples with a particular reactivity pattern.
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antigens by Western blot assay, but both of the samples with rN
plus N peptide reactivities had IgG reactivity to recombinant
SNV N protein by Western blot assay (data not shown). None
of these samples had detectable IgM reactivity to any SNV N
antigen.
Evolution of antibody responses in patients with early SNV

infection. To determine whether the hantavirus SIA will be
able to efficiently detect SNV antibodies in the earliest stages
of infection, we used the earliest serum samples available.
Three samples were available from patients tested in the pro-
drome stage of illness (all at day 21 relative to the time of
onset of the first lung symptom), and all were positive, as were
all but one of the samples drawn at the onset of lung disease or
at later times. The single exceptional sample was an EDTA-
anticoagulated whole-blood sample that was drawn on the first
day of lung symptoms. This sample was recovered from a waste
disposal bag and is of uncertain quality. It showed isolated 21
reactivity against the SNV rN protein (indeterminate pattern),
despite a Western blot study that showed 31 IgM and 31 IgG
reactivities to the SNV rN antigen and trace IgM and 11 IgG
reactivities to the SNV rG1 antigen (data not shown).
Evolution of antibody response in early HPS. The detection

of a single plasma sample from a patient with early HPS with
an indeterminate pattern of reactivity led us to examine a
selected series of paired patient samples, separated by 3 to 22
days, from patients whose earliest available serum samples
showed relatively weak reactivities. The limited number of
samples in which a significant enhancement of antibody reac-
tivity could be demonstrated showed modest to marked in-
creases in the reactivities to the SNV G1 peptide, N peptide,
rN, and rG1 antigens over time (Fig. 2). The patient whose
initial response was restricted to the rN antigen developed a
strongly positive response to multiple SNV antigens by day 3 of
illness (Fig. 2, patient 3).
Reactivity of sera from patients with non-SNV HPS and

HFRS. In general, the reactivities observed when hantavirus
SIA strips were probed with sera from patients with non-SNV
hantavirus infections were consistent with those observed in
previous studies by the Western blot technique (17, 23).
Among patients with HPS due to viruses other than SNV,
acute-phase serum samples from patients with BAYV (n 5 2),
BCCV (n 5 1), or NYV (n 5 1) infection failed to react with
the G1 peptide of SNV. The sera from patients with BAYV
and BCCV infections reacted exclusively with the relatively

conserved N peptide and rN antigens, while the serum sample
from the patient with NYV infection reacted with the rN and
the rG1 antigens (Fig. 3; Table 4). Since rG1 is somewhat
larger than the G1 peptide, this reactivity may be directed
against a second linear epitope or conformation-dependent
epitope of G1 that is rarely if ever recognized in the sera of
patients with SNV infection (14b, 23). One serum sample from
a patient with SEOV infection also appears to have recognized
a G1 epitope outside of that for the immunodominant peptide.
PUUV, which is the agent of HFRS that bears the closest

genetic and antigenic relationship to the HPS-associated vi-
ruses, elicited antibodies that generally were strongly reactive
against the N peptide and rN antigens, with no reactivity
against the G1 peptide or rG1 (Table 4). A single serum

FIG. 2. Temporal evolution of serologic responses in three patients with
acute hantavirus pulmonary syndrome due to RT-PCR-confirmed SNV infec-
tion. For each patient, an SIA was performed with an admission serum sample
(lanes A) and a follow-up sample drawn on day 19 (patient 1), day 22 (patient 2),
or day 3 (patient 3). The control bands with high (SC 31) and low (SC 11)
amounts of IgG are defined to represent 31 and 11 levels of reactivity, respec-
tively. Five viral antigen bands are placed internally to the serum control (SC)
bands. These include the peptide (pep) and recombinant SNV G1 and N anti-
gens, as well as SEOV rN.

FIG. 3. Representative RIBA SIA strips probed with serum samples from
patients acutely infected with different hantaviruses. Group A strips were probed
with sera from patients with acute SNV-associated HPS, including a sample from
British Columbia (strip 03), a sample from New Mexico (strip 08), a sample from
Colorado drawn a day before the onset of respiratory symptoms (strip 24), and
a sample from Arizona (strip 25). Group B strips were probed with serum
samples obtained in 1995 from patients with remote HPS presumed to be due to
SNV, one of whom was ill in 1985 (strip 12) and one of whom was ill in 1959
(strip 13). Group C strips were probed with sera from patients with acute HPS
due to viruses other than SNV: NYV (strip 09), BCCV (strip 11), and BAYV
(strip 17). Group D, E, and F strips were probed with sera from patients infected
with PUUV, SEOV, or HTNV, respectively. NC, negative control. Antigen
bands are as identified in Fig. 1B.

TABLE 4. Antibody reactivities in hantavirus SIA with sera from
patients with acute NYV, BCCV, BAYV, SEOV,

HTNV, and PUUV infections

Virus (no.
of samples)

No. of
samplesa

Reactivity

SNV G1
peptide

SNV N
peptide

SNV
rN

SNV
rG1

SEOV
rN

NYV (1) 1 0 0 $11 $11 0

BCCV (1) 1 0 $11 $11 0 0

BAYV (2) 2 0 $11 $11 0 0

SEOV (17) 3 0 0 0 0 $11
1 0 0 $11 0 $11
1 0 0 0 $11 $11
7 0 0 $11 0 $11
3 0 $11 $11 0 $11
2 $11 0 $11 0 $11

HTNV (7) 4 0 0 0 0 $11
3 0 0 $11 0 $11

PUUV (16) 1 0 0 $11 0 0
13 0 $11 $11 0 0
2 0 $11 $11 0 $11

a Number of samples with a particular reactivity pattern.
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sample from a patient with PUUV infection was indeterminate
by the SIA, with reactivity to rN in isolation. SEOV antibodies
were reactive against the homologous rN antigen, although
cross-reactivities with SNV rN and N peptide were also com-
mon. Surprisingly, two serum samples from patients with
SEOV infection exhibited modest (11) reactivity against the
G1 peptide antigen (Table 4), which was accompanied by trace
(,11) reactivity against the rG1 antigen (data not shown). An
additional serum sample from a patient with SEOV infection
showed 21 reactivity against rG1 but did not react with the G1
peptide. Patterns of reactivity observed in sera from patients
with HTNV-associated HFRS were similar to those observed
in sera from patients with SEOV-associated HFRS, although
they were generally somewhat weaker, and no G1 reactivities
were observed.
Patterns of SNV seroreactivity in convalescent- and acute-

phase serum samples.Although band reactivities as high as 31
to 41 in intensity persisted against the SNV N peptide and rN
antigens for as long as 36 years, reactivities to the G1 peptide
and rG1 antigens appeared to be absent in samples older than
;8 months (Fig. 3; Table 2). Since it could not be unequivo-
cally determined that the etiologic agent in these remote cases
was SNV, it is possible that the poor reactivity to G1 is a
reflection of the use of a heterologous antigen.
To determine whether antibodies to the SNV G1 antigen

can decline over time in patients with well-documented SNV
infection, a series of five paired serum samples from patients
with PCR-confirmed SNV-associated HPS were examined in
both the acute phase and a minimum of 3 months after recov-
ery. These studies showed the complete loss of detectable
antibodies to G1 in patients with previously detectable reac-
tivity at 1, 1.5, and 1.8 years, although two other patients
retained 41 G1 peptide reactivity at 3 months and 1.25 years
(data not shown). In none of these paired samples was a dim-
inution of reactivity to N peptide or rN apparent.

DISCUSSION

Development of criteria for a positive assay result. Confir-
matory tests for the diagnosis of viral infections such as West-
ern blot assays and the RIBA SIAs for human immunodefi-
ciency virus antibodies commonly detect isolated reactivities to
individual antigens in low-risk populations (33). As a conse-
quence, reactivity to multiple bands in specific patterns is gen-
erally required to make a positive diagnosis. Previous studies
by SNV-based recombinant Western blot assays indicated that
the requirement for reactivity to both SNV N and SNV G1
antigens was a useful criterion for a positive assay result (17,
23). For the purpose of developing a preliminary diagnostic
criterion for SIA seropositivity to SNV, we considered that we
would wish to detect as many of the earliest cases of SNV-
associated HPS as possible, while avoiding incorrect interpre-
tation of the inevitable isolated reactivity due to irrelevant
cross-reactivity among negative controls (33).
Since the primary purpose of the RIBA SIA for hantavirus

is to detect antibodies to SNV or SEOV, reactivity to either of
the immunodominant SNV or SEOV rN antigens is considered
essential. Any other additional reactivity, whether against a
peptide or a recombinant antigen, would be sufficient to con-
sider a sample positive. Reactivity to any other band(s) is
considered indeterminate, and the absence of reactivity to any
antigen is considered negative. By these criteria, 58 of 59
acute-phase serum samples from patients SNV-associated
HPS, 4 of 4 serum samples from patients with non-SNV-asso-
ciated HPS, 15 of 16 serum samples from patients with PUUV-
associated HFRS, 13 of 17 serum samples from patients with

SEOV-associated HFRS, and 3 of 7 serum samples from pa-
tients with HTNV-associated HFRS were positive, and the rest
were indeterminate.
The pattern of reactivity among different groups of samples

is informative. For example, those that exhibited reactivity only
to the SEOV rN antigen did not occur in our control popula-
tion, but they did occur in patients with SEOV- or HTNV-
associated HFRS. No HPS patient whose serum lacked anti-
bodies to SNV rN was identified at any stage of infection,
suggesting that only patients whose sera exhibit reactivity to rN
need be considered potential HPS patients. This early and
consistent response to N antigen is consistent with many pre-
vious reports of the serologic response to hantavirus infection
(9, 14, 23, 30, 31, 49, 50). Since all samples from patients with
known HPS or HFRS demonstrated reactivity to either SNV
or SEOV rN, it is possible that the nonreactive category will
later be redefined to include samples that react to a band(s)
other than that for SNV or SEOV rN antigen, but that decision
will await additional studies.
Early diagnosis of HPS. If recognized early, a patient with

HPS can be triaged to a facility with advanced tertiary care
capabilities such as inverse ratio ventilation (inspiration much
greater than expiration). Transport to a tertiary care facility
with previous experience with HPS could be considered. Some
such facilities are involved in a National Institute of Allergy
and Infectious Diseases-sponsored placebo-controlled trial of
the antiviral drug ribavirin (22, 32). Tertiary care centers can
also evaluate potential salvage therapies such as extracorporeal
membrane oxygenation. At the University of New Mexico
Health Sciences Center, extracorporeal membrane oxygen-
ation is credited with preventing the deaths of two HPS pa-
tients who manifested all of the clinical and laboratory criteria
predictive of incipient death (29a, 32).
Since the interventions described above are available, we

believe that the use of a rapid and reliable specific diagnostic
test in the early stages of HPS might favorably affect the prog-
nosis (Fig. 4). Although an SNV ELISA prepared at CDC has
been distributed to a number of state health department lab-
oratories, its use requires relatively expensive equipment (an
ELISA reader), which makes it most suitable for larger labo-
ratories with relatively sophisticated capabilities (11). An im-
portant reason for developing the hantavirus SIA was to allow
for the reliable and rapid diagnosis of HPS at the earliest
possible stage of illness, even in facilities with relatively unso-
phisticated laboratory capabilities. The SIA used in this study
can be performed in any laboratory that has the equipment to
measure liquids in volumes of 20 ml to 100 ml, an orbital
shaker, and a platform rocker.
The performance of the hantavirus SIA for early diagnosis is

promising, in that the test could detect antibodies in the ear-
liest available serum samples from 100% of 59 patients with
acute SNV-associated HPS. All but one (1.7%) of these early
samples had reactivities that met the criteria for a positive
assay result. For the patient whose single early HPS sample
produced an indeterminate assay result, a serum sample was
collected 3 days later, and by then the SIA result was strongly
positive (Fig. 2, patient 3). Our study is limited, however, by
the rarity of samples collected from patients in the earliest
stages of illness. Samples collected during the prodromal phase
of illness are almost never available, despite our aggressive
attempts to prevent their disposal from laboratories.
In a control population, 2 samples that were judged to rep-

resent probable past hantavirus exposure were identified in a
cohort of 192 samples. These samples showed IgG reactivities,
and neither sample had detectable IgM reactivity by Western
blot assay. Our results support a previously determined han-
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tavirus seroprevalence of approximately 1% in adult American
Indian populations of the southwestern United States (3). The
epitope mapping studies that are inherent in the design of the
SIA (by virtue of its use of the N peptide antigen) make it a
potentially useful confirmatory assay in hantavirus seropreva-
lence studies.
False reactivities. We believe that the two control serum

samples that reacted to both rN and N peptide antigens were
positive due to past hantavirus infection. Two other serum
samples reacted to rN in isolation, and both were reduced in
intensity by preadsorption with E. coli lysates containing MBP,
the fusion partner for SNV rN. Neither recognized a T7 gene
10–SNV N fusion protein in Western blot assays. We believe
that these are probably reactive with trace contaminants from
E. coli or perhaps to MBP. Four other serum samples were
reactive with either peptide antigens or rG1. We do not believe
that these sera are directed against a hantavirus, because there
is at present no evidence to support the occurrence of human
hantavirus infections that do not elicit antibodies to full-length
N antigen (9, 14, 23, 30, 31, 49, 50).
Use of SIA in HPS due to hantaviruses other than SNV. The

number of cases of HPS due to viruses other than SNV is too
limited to draw conclusions about the performance of the
hantavirus SIA for early diagnosis. However, the results re-
ported here for patients with NYV-, BCCV-, and BAYV-
associated HPS suggest that patients with an HPS-like syn-
drome who exhibit reactivity to rN and N peptide antigens in
the absence of G1 peptide or rG1 antigens may be infected
with a hantavirus other than SNV. The very high frequency of
G1 peptide and rG1 reactivity among patients with SNV-asso-
ciated HPS is thus a diagnostically useful finding. Recently, the
absence of G1 reactivity in two patients with HPS in Texas led
to the preliminary judgment that a hantavirus species other
than SNV was involved, an observation that led to the identi-
fication of the second and third known human infections with
BAYV (14a, 21). As new HPS cases continue to be recognized,

it is likely that new etiologic agents will continue to be identi-
fied, and a rapid means for distinguishing new agents from
SNV in a simple assay may help identify those infections.
The G1 glycoprotein is the most variable protein of hanta-

viruses (Table 5), and it seemed appropriate to determine
whether regional variation in the sequence of that portion of
SNV would reduce the diagnostic utility of the G1 peptide or
rG1 antigen. A region spanning the G1 epitope has been se-
quenced from a substantial number of Peromyscus-borne han-
taviruses both from patients and from rodents (17, 20). A
summary of sequencing studies of G1 genes obtained from
patients with SNV and NYV is presented in Fig. 5. The pri-
mary sequence of most SNV G1 epitope-homologous seg-
ments is exactly that of the prototypical SNV isolate of New
Mexico. One G1 gene sequence from Mono County, Calif.,
predicted a G1 epitope sequence that differed by 1 residue
from that used in the SIA, and a the sequence of the virus from
a patient in British Columbia differed by 3 amino acid residues
from the sequence for the prototype SNV isolate. Although
serum samples from these patients recognized the G1 peptide
antigen of the SIA, a serum sample from an NYV-infected
patient serum did not (Fig. 5). The sequence of the NYV G1
epitope differed by 5 residues from that of SNV (20).

FIG. 4. Proposed algorithm for use of rapid hantavirus antibody testing in
the placebo-controlled trial for ribavirin treatment of HPS. The trial is sponsored
by the National Institute of Allergy and Infectious Diseases’ Collaborative An-
tiviral Study Group. Enrollment sites include the University of New Mexico at
Albuquerque, the University of Alabama at Birmingham, and the University of
Utah at Salt Lake City. Patients are enrolled automatically if they have fever,
myalgia, and thrombocytopenia. They can be removed from the ribavirin proto-
col if they are seronegative. Those not previously enrolled because of clinical
signs and thrombocytopenia can become enrolled if they become seropositive.

TABLE 5. Amino acid identities between SNV N peptide, rN,
G1 peptide, and rG1 antigens and the corresponding

regions of other pathogenic hantaviruses

Virus Prototype
isolate

% Amino acid identity

SNV G1
peptide

SNV N
peptide SNV rN SNV rG1

NYV RI-1 83.3 93.0 93.8 86.6
BCCV 807040 58.0 86.0 82.6 61.0
BAYV BAYV 61.3 95.3 86.0 59.8
PUUV Sotkamo 45.2 74.4 64.5 47.6
SEOV SR-11 45.2 48.8 49.6 26.8
HTNV 76-118 41.9 46.5 51.7 28.0

FIG. 5. (A) Collected experience correlating primary amino acid sequence of
the G1 antigen with reactivity against SNV G1 peptide. The amino acid sequence
of the G1 peptide antigen of SNV (3H226) used on the hantavirus SIA mem-
brane is shown. The sequence of the homologous peptides encoded by SNVs and
NYVs from a variety of locations in the United States and Canada are depicted
below the prototypic sequence. Residues that are identical to the 3H226 peptide
are indicated with dashes. The number of genes encoding each peptide and their
geographic derivation(s) are indicated, as are the intensities of reactivity ob-
served against the G1 peptide. Only sequences derived from HPS patients are
depicted. (B) The corresponding segment of SEOV SR-11.
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Antibody classes. By using a conjugate against human heavy-
and light-chain antibodies, the SIA is capable of detecting both
IgG and IgM responses. This design could potentially increase
the sensitivity of detection of antibody responses in the early
stages of infection. However, since IgG and IgM responses are
not distinguishable in the SIA, it is possible that past infections
could cause false diagnoses of acute HPS.
Fortunately, serologic evidence of remote SNV infection

appears to occur at a very low frequency (;1%) in control
populations (3). Detection of these reactivities could poten-
tially trigger more aggressive management of a patient with
findings compatible with the HPS prodrome. However, the
reactivity patterns exhibited by patients with remote SNV in-
fection appear to be stereotyped and distinguishable from
those exhibited by patients with acute SNV-associated HPS.
The collective results of our studies of patients with well-
documented past HPS, including those for whom early serum
samples can be compared with convalescent-phase samples,
indicate that G1 peptide and rG1 reactivities are usually lost in
convalescence-phase serum samples (Table 2). Thus, we expect
that it will often be possible to distinguish remote from acute
SNV infection by reactivity to G1.
Use of SIA with serum samples from with patients with

HFRS. The hantavirus SIA was designed to detect SNV anti-
bodies. However, the rN antigen of SEOV was incorporated in
the hantavirus SIA in response to reports of SEOV-associated
HFRS and chronic renal disease in North America (12, 13). As
expected, the sera from patients with SEOV-associated HFRS
were universally reactive with the SEOV rN antigen, with vari-
able reactivity to the SNV rN or N peptide antigen. Surpris-
ingly, two patients with SEOV infection demonstrated 11 re-
activity against the G1 peptide of SNV, suggesting a possible
conformational similarity in these two highly divergent anti-
gens. Most of the sequence similarity between the SEOV and
SNV G1 homologs are concentrated in the N terminus of the
epitope (Fig. 5), so we suspect that this may be the most likely
site for cross-reactive antibody recognition. The lack of reac-
tivity to rG1 in these two serum samples could be due to a
higher antigen density in the G1 peptide compared to that for
the rG1 antigen or could be due to a nonviral epitope gener-
ated by conjugation of the G1 peptide to BSA. Another serum
sample from a patient with SEOV-associated HFRS appears to
have recognized an epitope in rG1 that is outside of the
epitope represented in rG1. Since SEOV-associated HFRS
patients and SNV-associated HPS patients are distinguishable
by the reactivities of their sera to other antigens in the SIA,
geographic origins, and clinical presentations, we do not antic-
ipate that occasional G1 peptide reactivity in sera from SEOV-
associated HFRS patients will represent a diagnostic problem.
No antigens of HTNV or PUUV are included in the hanta-

virus SIA. As expected, reactivity was somewhat weak for sera
from patients with HTNV-associated HFRS and was primarily
confined to the SEOV rN antigen, which bears the closest
resemblance to the N antigen of HTNV. Among the sera from
patients with PUUV-associated HFRS, the sera of all but one
patient met the criterion for positivity (N peptide and SNV rN
reactivities), with none of the sera exhibiting reactivity against
the SNV G1 antigen. The serum of one patient had an inde-
terminate reactivity pattern. The relatively close relationship
between the N antigens of PUUV and SNV presumably un-
derlies the generally high frequency of detection of PUUV
antibodies in the SIA.
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